ABSTRACT: Advances in surgical procedure, prosthesis design, and biomaterials performance have considerably increased the longevity of total joint replacements. Preoperative planning is another step in joint replacement that may have the potential to improve clinical outcome for the individual patient, but has remained relatively consistent for a long time. One means of advancing this aspect of joint replacement surgery may be to include predictive computer simulation into the planning process. In this article, the potential of patient-specific finite element analysis in preoperative assessment is investigated. Seventeen patient-specific finite element models of cemented Charnley reconstructions were created, of which six were early (<10 years) revisions. Creep was simulated using a Maxwell model, and fatigue damage was simulated using an anisotropic continuum damage formulation. Account was taken of the relationship between annual loading cycles and age, and stairclimbing loads were included using a walking to stair-climbing cycle ratio of 9:1. Simulations for the equivalent of 10 years of loading were performed. Accumulated damage, inducible displacement, and migration were computed. Five of the six early revisions had the highest migration indicating that migration could have been used to identify early failures of these prostheses. Resultant migration showed the most significant difference between the early revised and unrevised groups (p ¼ 0.0024). Furthermore, this trend was apparent from 1 year postimplantation (p ¼ 0.0052). This ability to differentiate early revisions shows that computational simulation of aseptic loosening in cemented prostheses could prove clinically useful in helping surgeons optimize the preoperative plan for individual patients. ß
INTRODUCTION
The use of finite element (FE) modeling has become widespread in the evaluation of the biomechanical performance of orthopaedic implants. Early models were highly simplified, 1 but recent increases in computational power and sophistication of algorithms for constitutive modeling of materials have allowed the application to problems of considerable complexity, 2 e.g., simulations of the fatigue failure of implant fixation 3, 4 and adaptation of the surrounding bone. 5 New application areas have emerged, such as preclinical testing 3, 6 and preoperative planning for individual patients. 7, 8 Because aseptic loosening remains the dominant mode of failure in total hip arthroplasty (THA), 9 it is appropriate to simulate it in patient-specific analyses. Considering simulation of aseptic loosening, retrieval studies have identified cement fatigue as a likely initiator of aseptic loosening. 10, 11 This has led to computational algorithms for modeling failure of the implant-cement interface [12] [13] [14] as well as fatigue and creep within the cement itself. [15] [16] [17] However, as sophisticated as the simulation tools have become, they have been validated mainly against in vitro models 16, 17 or population-averaged clinical data from register studies. 3 To be credible for patient-specific analysis, they must be tested against individual patient cases with a mixture of clinical outcomes.
Current preoperative planning for THA typically uses radiographic templates of the joint replacement components. The surgeon moves the template over the radiographic image, choosing a particular combination of component sizes that allows satisfactory joint motion and maintains leg length. With the advent of digital radiography, this process can now be performed on a surgeon's desktop computer. However, the benefit of digital planning has yet to be clearly demonstrated for all procedures; a recent study found that digital planning was more accurate than analogue planning for knee arthroplasty but slightly less accurate for THA. 18 Recently, preoperative planning software has introduced the possibility of automatically optimizing implant size and position using computational algorithms based on geometrical considerations. However, having geometrically optimized the fit may not imply that the implant has been biomechanically optimized. Computer simulation of the performance of an implant vis-à -vis aseptic loosening could be incorporated at this point and could provide additional information to help avoid component combinations and positions that cause early failure by aseptic loosening.
The hypothesis of this study is that revised implants can be predicted to migrate and damage more than well-fixed implants using patientspecific FE simulation. To test this hypothesis, we performed FE analyses of 17 individual THAs to establish whether early revised cases were predicted to migrate and damage more than the longterm unrevised cases. If correct, this study would represent an important step in using patientspecific FE modeling as a preoperative assessment tool to aid prosthesis sizing, placement, and selection.
METHODS

Patient Selection and Data Retrieval
Seventeen THA cases (5 female and 12 male) were selected from a database of patients with follow-up to 26 years. All patients underwent surgery at Cappagh National Orthopaedic Hospital, Dublin, Ireland between 1974 and 1997. Six patients underwent revision for aseptic loosening of their femoral components in less than 10 years while the remainder had not been revised at more than 10 years follow-up (see Table 1 ). Patient records regarding revision/nonrevision were held by one of the clinical authors (R. F. M.). Average age at primary procedure was 52.8 AE 2.6 years (95% confidence interval). All patients had been implanted with variations of Charnley femoral components (11 standard, 5 extraheavy, and 1 long-neck extra-heavy). Demographic data were similar for both groups: age (53.0 AE 6.3 years for revised vs. 52.6 AE 2.3 years for unrevised patients), gender (33 AE 20.7% female for revised vs. 27.3 AE 13.8% female for unrevised patients), and body weight (76.5 AE 10.9 kg for revised vs. 79.3 AE 6.7 kg for unrevised patients). Postoperative frontal radiographs were used to make digital images of each implanted femur. Length scales were defined by measuring the diameter of the prosthesis head in pixels and dividing this length by the known head diameter (22.225 mm). Early revisions were defined by cases of femoral component revision within 10 years of primary procedure. Cases with a ''U'' in their time to revision had not been revised and did not indicate any need for revision at time of last follow-up. Early revisions were designated as femoral components that required revision due to aseptic loosening in less than 10 years.
FE Model Generation
An FE model was generated for each of the 17 implanted femurs. A semi-automated method involving patientspecific scaling of a generic femur was used. The generic femur model was obtained by reverse-engineering a composite femur (Pacific Research Labs Inc., Vashon, Washington, USA) using a 3-D laser scanner (Picza 3D Laser Scanner, Roland DG Corp., Shizuoka-Ken, Japan). Scaling in the medial-lateral (ML) direction in the frontal plane was based on the extra cortical width of the femoral shaft (measurement EC in Fig. 1) . Scaling in the anterior-posterior (AP) direction was assumed to be equal to the ML scaling. No explicit data for leg or femur length were available (only a portion of the proximal femur was visible on the radiographs); therefore, a common parameter that could be associated with femur length had to be extracted from the available data. For this purpose, the distance from the lesser trochanter to the level of the isthmus (defined in this case as the narrowest section of the medullary cavity) was measured from the radiographs (measurement LT-I in Fig. 1 ), and each femur was scaled along its longitudinal axis using the ratio of this distance to the corresponding measurement for the generic model. The next step was to implant virtually the relevant femoral component into the computer model of each patient's femur. All prostheses were reverse-engineered using the same method used for the generic femur model. First, using the postoperative radiograph as a reference (Fig. 2a) , the femur was resected, the implant positioned, and the cement mantle defined (Fig. 2b ). An FE model ( Fig. 2c ) was then generated from the resulting geometry using mesh-generation software (Cubit, Sandia National Laboratories, Albuquerque, New Mexico, USA).
Material Properties
Prostheses were stainless steel, with isotropic elastic modulus of 210 GPa and Poisson's ratio of 0.33. The bone cement had a modulus of 2.28 GPa and a Poisson's ratio of 0.3.
3 Cortical bone was modeled as transversely isotropic with elastic constants taken from the literature; 19 a longitudinal modulus of 17 GPa, transverse modulus of 11.5 GPa, longitudinal shear modulus of 3.3 GPa, longitudinal Poisson's ratio of 0.46, and transverse Poisson's ratio of 0.58. Cancellous bone was assumed to have an apparent isotropic modulus of 1.5 GPa and Poisson's ratio of 0.33.
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Simulation of Aseptic Loosening
Both creep deformation and fatigue damage accumulation were included to simulate the mechanical behavior of bone cement. Creep growth was simulated using a validated Maxwell creep model for cement. 16 Damage accumulation was incorporated using an anisotropic continuum damage mechanics formulation, also validated previously. 17 Briefly, the algorithm ( Fig. 3 ) works by calculating the stress distribution caused by joint and muscle loads. As loading is repeated over time, localized high stresses due to overloading of the cement in some regions, e.g., around the prosthesis tip, cause the cement to crack and undergo creep deformation. Cracks are assumed planar and are restricted to orthogonal planes by allowing crack growth only perpendicular to tensile principal stresses, leading to a 2nd order tensor description of the damage state 17 with damage growth in each principal stress direction, d ii , expressed as:
where n is the number of elapsed cycles, Dn is the number of cycles for the next increment, N F i is the number of cycles to failure for the ith principal stress, and a is an exponent responsible for nonlinear damage Figure 1 . The isthmus was defined as the location of the narrowest section of the medullary cavity. LT-I represents the distance from the lesser trochanter to the level of the isthmus, EC represents the extra-cortical width at the isthmus in the frontal plane, and IC is the corresponding intra-cortical width.
growth. Introduction of a crack within the model is achieved by reducing the stiffness of an integration point in the plane predicted by the damage accumulation algorithm using a 4th order damage effect tensor, M, that acts on the elastic stiffness tensor, E, according to:Ẽ
to give the effective stiffness,Ẽ, of the cracked material point (the symbol '':'' represents the mathematical operation of tensor contraction over two indices). Stiffness can be reintroduced normal to the crack if the strain across the crack becomes compressive by using a 4th order projection tensor to isolate the stiffness contribution for each closed crack. A more detailed description of the algorithm for damage accumulation was previously published. 17 The simulation of creep and damage thus cause the cement mechanical properties to degrade over time, resulting in migration and loosening of the prosthesis in the virtual model.
All required features to implement the algorithm were integrated into the commercial FE code MARC (MSC Software, Inc., Santa Ana, California, USA) using available user-definable material and creep subroutines. The implant-cement interface was assumed to debond with frictional contact with a friction coefficient of 0.25. 3, 21 Simulations were performed on high performance computing facilities (Silicon Graphics Altix 350, Sunnyvale, California, USA); simulations took between 0.5 and 4 days depending on intensity of damage accumulated and rapidity of loosening.
Activity and Loading
Both gait and stair-climbing loads were applied to each patient's model using the dataset of Heller et al. 22 This dataset consists of a joint load in combination with abductor and vastus lateralis muscle forces, representing the muscle groups contributing most to loading of the hip during gait. Load magnitudes were scaled according to each patient's bodyweight. Stair-climbing added the vastus medialis muscle force and altered the relative magnitudes of the other force components. Walking activity, i.e., the number of loading cycles per year on each leg, N, was related to patient age, A, using 
The number of stair-climbing cycles per year was calculated assuming a walking:stair-climbing ratio of approximately 9:1. 24 This procedure was repeated for each year of service resulting in an alternating sequence of walking and stair-climbing loads.
Comparison Protocol
Three quantities were used to analyze the predicted output for each patient: (i) the amount of damage in the cement mantle (to avoid bias between mantles of different size and mesh density, damage was normalized by dividing the summed area of all cracks by the volume of the cement); (ii) migration of the prosthesis head; and (iii) change in the magnitude of the prosthesis head displacement over one loading cycle (inducible displacement). Each parameter was quantified at 1 year and 10 years of service, giving six output parameters in total. To avoid erroneous findings of significant difference due to over sampling, a statistical correction to the significance criterion was employed. A Bonferroni correction was used for an initial uncorrected significance criterion of p ¼ 0.05 giving p crit ¼ 0.05/6 ¼ 0.0083. Wilcoxon rank-sum tests for independent samples (also known as Mann-Whitney tests) were used to test whether implants in revised patients were predicted to migrate and damage more than in unrevised patients. Also, patient records were consulted after completing the 17 simulations to reveal the 6 revised cases and thus avoid possible bias when performing the simulations. These identities were then compared to the ranking predicted by the patient-specific FE analyses.
RESULTS
Resultant migrations at 1 year and 10 years were predicted to be significantly higher for the revised group of patients (p ¼ 0.005 and p ¼ 0.002, respectively; Table 2 ). Furthermore, when the prostheses were ranked according to resultant migration at both times, five of the six revised patients were ranked within the six highest migrating cases ( Table 3 ). The dominant migration mode was predicted to be medially for both patient groups (Fig. 4) . Average predicted migration was higher in the revised group for all directions. Inducible displacement change was not found to be significantly greater for revised patients, but there was still a strong trend at both 1 year and 10 years (p ¼ 0.028 for both). Finally, a trend of greater damage accumulation for revised patients was predicted at 1 year (p ¼ 0.070; Table 2 ), but this trend decreased considerably by 10 years (p ¼ 0.290; Table 2 ). , coefficient of determination, m R , mean for revised group; m U , mean for unrevised group.
PREDICTING ASEPTIC LOOSENING IN HIP ARTHROPLASTY
Regression analysis was performed to investigate the relationship between the displacementbased outcome measures and accumulated damage. Correlation between migration and damage was highest for the early portion of the simulations and became less correlated with damage by 10 years (Table 2) . Similarly, inducible displacement was also better correlated with damage at 1 year than at 10 years (Table 2) .
Contour plots demonstrated the link between cement overloading and damage accumulation for individual cases. For example, the cement mantle for one revised patient (patient A) was predicted to be highly stressed in several areas when compared to the mantle of an unrevised patient (patient B), leading to greater levels of damage for this patient (Fig. 5) . This helps explain why patient A's hip joint replacement needed early revision.
DISCUSSION
Using patient-specific information (patient weight, age, and bone geometry), FE analysis incorporating advanced material failure algorithms was used to simulate aseptic loosening due to cement failure of femoral joint replacements of individual THA patients. The hypothesis that revised patients' prostheses would be predicted to migrate more than unrevised patients' prostheses was confirmed (p ¼ 0.005). However, the second hypothesis that cement damage would be higher for revised patients was not confirmed, though a strong trend was observed at 1 year (p ¼ 0.070).
Migration is a clinically observable phenomenon frequently used to assess femoral component loosening, 25 although it is not applicable to all prosthesis designs (in particular straight, collarless stems such as the Exeter 26 ). Nonetheless, migration is an indicator of early revision for Charnley prostheses 27 and therefore the prediction that migration discriminates most significantly between the revised and unrevised groups is not surprising.
Unlike migration, which can be measured in vivo using RSA, cement cracking is not normally measurable until large cracks are radiographically visible. Instead, its presence is assumed through its effect on observed migration of prostheses. The degree of correlation between both migration and change in inducible displacement with accumulated damage (R 2 ¼ 0.646 and R 2 ¼ 0.279, respectively; Table 2) supports the relationship between each displacement-based parameter and damage accumulation for the first year postimplantation and further develops the link between implant displacement and damage accumulation. 28, 29 During the simulation, the correlation between migration and damage decreased Figure 4 . Average predicted migration after 10 years of simulated loading for revised and unrevised groups, expressed as absolute magnitude for each axis of motion and as the resultant of all three components. Error bars indicate 95% confidence intervals. All components of migration, as well as their resultant, were higher for the revised group. The dominant mode of migration was along the medial axis. Bold text highlights the revised cases. Thus, using migration as a ranking criterion, five out of the six revised patients were ranked in the six highest migrating cases at both 1 year (a) and 10 years (b).
(R 2 ¼ 0.295 and R 2 ¼ 0.167 for migration and inducible displacement change, respectively, at 10 years). Thus, creep and damage are more influential in the early portion of a joint reconstruction's life cycle. This is also supported by the result that damage was a stronger indicator of revision at 1 year than at 10 years (p ¼ 0.086 and p ¼ 0.214, respectively).
Quantitative comparison with RSA data for posterior head migration of stable and unstable Charnley Elite stems 30 shows that the simulations under-predict posterior head migration of revised cases compared with clinically observed data by an order of magnitude (Table 4 ). This has been noted before for FE simulations and is likely due to the lack of biological responses in the simulations, e.g., bone remodeling and soft-tissue interface formation. 24, 31 Britton and Prendergast 28 measured average medial, posterior, and distal migration magnitudes of 0.054, 0.024, and 0.014 mm/year, respectively, for Charnley stems subjected to a simplified walking load in composite femurs (hence, no biological responses). Their results were also considerably lower than clinically observed migrations, supporting the view that exclusion of biological responses reduces the predicted migration in the present study. Future inclusion of such responses in the computational algorithm should produce more realistic migration magnitudes due to decreased support of the implant as the proximal bone resorbs during the simulation. Such inclusion of bone remodeling would also enable simulation of cementless implants. Another possible source of differences between predictions and clinical observation is the lack of porosity in the cement. Large pores, particularly at the cement-bone interface, could also allow greater migration in the simulations by decreasing the amount of fixation within the implanted construct.
Comparisons can also be made between the preoperative assessment ability of this study and more traditional clinical risk assessment. Mü nger et al. 32 identified gender, age, body mass index (BMI), and patient mobility as patient-related factors associated with higher risk of aseptic stem loosening in THA. They found that being male, young, with high BMI, and having greater levels of mobility all increased risk of early loosening. Activity and height data were unavailable in the clinical records in the current study. Nevertheless, the patients were ordered by gender (male first) and then by age (youngest first) to produce a clinical risk assessment ranking. Using this ranking, only two out of the six revised patients were predicted in the six highest risk cases. Furthermore, a Wilcoxon rank-sum test indicated no significant difference between revised and unrevised patient rankings (p ¼ 0.710). Thus, computational simulation provided considerably stronger assessment of revision risk than traditional risk assessment for the patients in this study (p ¼ 0.004 using migration at 10 years).
Although this study attempted to remove many of the simplifying assumptions in FE analysis of cemented THA, several simplifications were still necessary. These included: (i) generation of patient-specific geometry based on single frontal radiographs without including out-of-plane femoral geometry; (ii) the rigid scaling transformation means patient anatomies that deviate significantly from the generic model are not very accurately recreated; (iii) no bone mineral density data were available, so all patients were assumed to have the same bone material properties; (iv) only aseptic loosening due to a cement damage accumulation failure was simulated (thus bone remodeling and osteolysis were not included); (v) an idealized cement mantle without defects or accurate interfacial geometry was used for each patient; and (vi) loading and activity could only be estimated from patient age (very active patients will have their activity level underestimated so that simulations are less likely to predict observed failure rates). More accurate estimation of patient activity could be done in a true preoperative simulation.
Despite these limitations, strong trends were predicted between revised and unrevised groups of patients (Table 2 , Fig. 4 ), indicating potential of the computational tool for assessing patient-specific revision risk. Nevertheless, a number of improvements could address the limitations discussed above and further improve the ability to identify early failures. First, the method of generating patient-specific models requires further investigation to validate sufficient accuracy, to better understand the basic requirements to create accurate models, and to develop algorithms to improve accuracy. For example, development of a database of generic models that suit a wider range of patient anatomies would increase geometric accuracy. Alternatively, CT data would enable a more accurate recreation of geometry and material properties. However, such scans do not form part of routine preoperative workflow for primary THA patients. Nevertheless, plans are underway to use CT scans to test the accuracy of the current x-raybased model generation algorithms. Although geometry and loading were adapted to each patient, bone material properties were held constant, even though bone stiffness degrades with age. 33 Furthermore, values for cancellous bone were in the higher range of reported values. 20, 34 To gain an understanding of how these issues might affect predictions, a second analysis was performed for the lowest ranked and second oldest of the revised patients (patient H). Using a cortical stiffness relationship proposed by Zioupos and Currey 33 and simulating the first year of activity predicted a higher risk of revision for this patient (resultant migration of 0.74 mm, raising this patient from 12th to 7th).
Several recommendations that would improve model creation without dramatically altering preoperative planning can be drawn from these limitations: (i) standardization of radiographs to better define length scales and specification of femoral length and possibly addition of a lateral radiograph to add out-of-plane geometric information; (ii) addition of a DEXA scan to enable estimation of bone density (alternatively, a suitable density phantom in the preop radiograph to allow approximation of bone density); and (iii) an activity questionnaire, such as the WOMAC score or UCLA activity score, to improve modeling of an individual's loading profile.
A long-term goal of patient-specific FE analysis is for it to be used as a decision tool for preoperative planning. With further development, one can envisage patient-specific simulations becoming a common procedure in surgical planning. The most critical risk factors for a particular patient, such as prosthesis size, placement, or cement thickness obtained from the reaming of the intramedullary canal could be identified. This would likely require multiple simulations with variations of the individual parameters to be investigated in each simulation. Individual causes of early revision were not investigated in this study because of the considerable computational cost. This highlights the need for efficient and powerful computer algorithms and systems if simulation is to earn a place in the preoperative planning process.
In conclusion, computational simulation of cement failure can identify femoral components susceptible to early aseptic loosening due to cement failure and, with further development, could be used as a diagnostic tool in analyzing potential revision risks for an individual patient.
